In recent years, organic photovoltaic cells (OPVs) have received significant attention as a promising technology for future power generation due to their attractive properties such as low cost, flexibility, light weight, and ease of fabrication. In these devices, the maximum power conversion efficiencies (7--10%) are achieved by using a heterojunction (BHJ) in which both electron donor and acceptor materials are blended together as the active layer.^[@ref1]−[@ref5]^ In OPVs, excitons are generated following light absorption and then diffuse to the interface between donor and acceptor, where charge separation occurs. Exciton diffusion is a crucial step because it determines the fraction of excitons that contribute to the extracted photocurrent. The length scale of exciton diffusion determines the device geometry and the desired morphology for high efficiency. Exciton diffusion is also very important for highly efficient organic light emitting devices (OLEDs) and organic lasers because it can lead to either exciton--exciton annihilation or diffusion of excitons to nonradiative quenching sites and hence loss of efficiency.^[@ref6],[@ref7]^

Exciton diffusion has been measured previously in a range of organic semiconductors^[@ref8]−[@ref19]^ and values of exciton diffusion length ranging from 2 to 2500 nm have been reported^[@ref9],[@ref11],[@ref13]−[@ref17],[@ref20]−[@ref23],[@ref48]−[@ref50]^ using a range of different techniques. However, little work has been done to understand how exciton diffusion is influenced by the physical and chemical structure of materials.^[@ref12],[@ref24],[@ref25]^ Exciton diffusion depends very much on the electronic properties of the film. It proceeds via a series of hops, from one chromophore to another; therefore, the distribution of energies of the chromophores will have a strong influence on the rate of hopping. In a film with a broad spread of energies, an exciton that is created on a high energy site will initially be able to transfer to any of its nearest neighbors, which will likely have lower energies. As time goes on, the exciton will find itself on lower and lower energy sites and have a slower rate of hopping to nearby, usually higher energy sites.^[@ref26]^ This is known as dispersive diffusion and leads to a diffusion coefficient that slows down with time.^[@ref26]−[@ref28]^ On the other hand, in a film where all the chromophores have approximately the same energy, the exciton can move to any nearest neighbor with approximately the same rate at any time after excitation. The case where the available chromophores are largely isoenergetic will be described well with Fickian diffusion and will have a time independent diffusion coefficient. Typically, this isoenergetic case is favorable for long-range exciton diffusion and is associated with structural order and crystallinity within the film.^[@ref12],[@ref24],[@ref26],[@ref29]−[@ref31]^

The degree of crystallinity of the polymer is associated with many other properties of the film including the charge separation efficiency,^[@ref32]^ charge transport,^[@ref33],[@ref34]^ and degree of phase segregation between the components.^[@ref35]−[@ref37]^ As some of these effects are positive and some have a detrimental effect on the device performance, it is often found that materials with intermediate crystallinities give the best power conversion efficiencies.^[@ref36],[@ref38]−[@ref40]^

An elegant way of exploring the influence of degree of crystallinity on the physical properties is to use a blend of copolymers to vary the degree of order in the film.^[@ref33],[@ref36],[@ref37],[@ref41]^ Here, we investigated two anthracene containing poly(*p*-phenylene-ethynylene)-*alt*-poly(*p*-phenylene-vinylene) (PPE--PPV) copolymers (AnE-PPV) (molecular structures given in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a and b) that are used as donor materials for solar cell applications.^[@ref36],[@ref42]^ The two polymers have the same conjugated backbone but differ in the number and position of branched side chains. The polymer with more branched side chains (AnE-PVba) is amorphous whereas the one with fewer branched side chains (AnE-PVab) is semicrystalline.^[@ref36]^ A reasonably high solar cell efficiency (∼4%) was achieved for ternary blends containing both amorphous (10%) and semicrystalline (90%) material along with PCBM.^[@ref36]^ The ability to modify the overall crystallinity of the film, by changing the blend ratio of amorphous to semicrystalline polymer, makes blends of these polymers an ideal model system to investigate some important unanswered questions in OPV research: How does the crystallinity influence exciton diffusion? what influence does this have on exciton harvesting? How does the polymer's ability to crystallize influence the distribution of acceptor in the blend?

![(a) Molecular structure of the semicrystalline (AnE-PVab) polymer. (b) Molecular structure of the amorphous (AnE-PVba). (c) Absorption spectra of the two copolymers and their blends. The graphs are labeled with the percentage of the amorphous copolymer (AnE-PVba) in the sample. (d) Photoluminescence spectra of two AnE-PV copolymers and their blends excited at 400 nm. The graphs are labeled with the percentage of the amorphous copolymer (AnE-PVba) in the sample.](jz-2015-010599_0001){#fig1}

In this Letter, we investigate the influence of polymer crystallinity on exciton diffusion in different blends of photovoltaic materials. We measured the exciton diffusion length in both AnE-PV copolymers and find it to be at least 8.8 nm for the semicrystalline polymer and at least 4.2 nm for the amorphous polymer. We observe that excitons reach the fullerene molecules in the semicrystalline polymer with a time-independent rate constant, whereas there is a pronounced slowing down of this rate constant for the amorphous polymer. This allows us to assign the higher value of exciton diffusion length in semicrystalline material to isoenergetic hopping of excitons (distribution of energy states \<0.025 eV) compared to amorphous material in which the exciton transport is dispersive due to a large distribution of hopping energy states on the order of 0.12 eV.

Having established the diffusive behavior of excitons in the pure semicrystalline or amorphous polymers, we were able to characterize how dispersive the quencher was in blends of the semicrystalline polymer and the amorphous polymer. We apply a simple model to determine energy transfer from the amorphous to the semicrystalline polymer in these blends. This allows us to quantify the amount of quenching occurring in amorphous regions and suggests that the PCBM preferentially resides in the amorphous regions, with a concentration 5 times higher than that in the semicrystalline region.

First of all, we measured absorption, photoluminescence (PL) of six samples containing 10, 30, 50, 70, 90, and 100% of amorphous (AnE-PVba) copolymer with the rest of the sample made up of the semicrystalline (AnE-PVab) copolymer. The absorption and photoluminescence spectra of these samples are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c and d, respectively. The absorption spectrum of the neat amorphous copolymer (100% ba) has a single broad peak around 520 nm. As the content of the semicrystalline polymer increases, an absorption peak at ∼580 nm with a shoulder at 550 nm appears and becomes more pronounced. The 580 nm peak is associated with absorption of the ordered phase of the polymer.^[@ref36]^ The PL spectrum of neat amorphous (100% ba) polymer peaks at 600 nm, whereas spectra of the semicrystalline polymer (0% ba) and binary blends of the two materials peak in the range 625 to 630 nm. The similarity of the spectra of the blends to the spectrum of the semicrystalline polymer shows that emission comes predominantly from the semicrystalline polymer with a strong peak at 630 nm. The strong absorption in the region of 600 nm, and deep red/near-infrared emissions show that there is extensive electron delocalization along the polymer backbone. The fraction of ordered phase (crystallinity fraction) is calculated from the absorption spectra following a procedure reported previously^[@ref43]^ (also given in [Supporting Information](#notes-1){ref-type="notes"}) and the resulting values are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. The photoluminescence quantum yield (PLQY) of neat samples and samples containing 1 wt % PCBM was measured. This was used to calculate the quenching efficiency by taking the ratio of the PLQY of the sample containing 1 wt % PCBM to the PLQY of neat samples, that is, quenching efficiency = 1 -- ((PLQY(with 1 wt % PCBM))/(PLQY(neat sample))). The resulting quenching efficiency is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and decreases as the fraction of amorphous polymer increases.

![Ordered phase fraction (%) (black dots) calculated using absorption spectra (given in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) as a function of different ratios of amorphous polymer (AnE-PVba). Quenching efficiency (1-PLQY ratio) determined by taking the ratio of the PLQY of blends with 1 wt % of PCBM to the PLQY of neat films.](jz-2015-010599_0002){#fig2}

In order to obtain quantitative information about exciton diffusion length and the distribution of energy states, we measured time-resolved fluorescence in blends of neat amorphous and neat semicrystalline polymers with small, known quantities of fullerene (PCBM). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows time-resolved fluorescence as a function of the concentration of fullerene quencher in the amorphous (100% amorphous polymer ba) and semicrystalline (0% amorphous polymer ba) polymers. For a given concentration of quencher the fluorescence decays faster for the semicrystalline polymer than for the amorphous polymer, indicating more quenching is occurring and suggesting a higher exciton diffusion coefficient.

![(a) Normalized PL decays of blends of semicrystalline polymer (top) and amorphous (bottom) with low known concentrations of fullerene. (b) Natural logarithm of the ratio of PL of films with low known concentration of quencher to pristine films as a function of time, used to determine diffusion length in the semicrystalline and the amorphous polymer. Black lines are fits to experimental data using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"}. The obtained value of α from the fits is used to determine the distribution of energy states in the semicrystalline and the amorphous polymers.](jz-2015-010599_0003){#fig3}

We begin by analyzing the data for films of these two blends, that is, amorphous polymer:PCBM and semicrystalline polymer:PCBM. In order to show additional decay due to quenching caused by the presence of PCBM, we plot the natural logarithms of the ratio of PL decays of films of blends of polymer with 0.5 and 1 wt % of PCBM to PL decay of the pristine film in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. It has been shown that the gradients of these lines are equal to the quenching rate of the film.^[@ref11]^ If we approximate the quenching rate as the encounter probability, then we can showwhere *r*~q~ is the quenching radius, a distance at which excitons quench instantaneously, *D*(*t*) is the time dependent diffusion coefficient and *N*~q~ is the total concentration of quenchers. Considering the displacement in a single dimension, the root-mean-square (RMS) displacement of a diffusing species is given by^[@ref27]^

This 1D RMS displacement is typically known as the diffusion length (*L*~D~) when *t* = τ, where τ is the lifetime of the neat polymer. Hence the 1D diffusion length can be calculated directly from the ln (PL ratio), that is, by combining [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}

The values of *r*~q~ = (0.9 ± 0.2) nm and *r*~q~ = (0.8 ± 0.2) nm are calculated from spectral overlap between donor and acceptor for amorphous and semicrystalline polymer respectively assuming the quenching mechanism is due to resonance energy transfer from donor to acceptor (details about the calculation are given in [Supporting Information](#notes-1){ref-type="notes"}). By using these values of *r*~*q*~, the diffusion lengths of pure amorphous and pure semicrystalline polymers can be determined directly from their corresponding experimental data. A diffusion length of (8.8 ± 0.4) nm was obtained for the semicrystalline polymer and (4.2 ± 0.2) nm for the amorphous polymer. We note that for time independent diffusion this measure of diffusion length would be √(2*D*τ) whereas in some publications √(*Dτ*) has been used.^[@ref9],[@ref11],[@ref15],[@ref46],[@ref47]^ This leads to time-averaged diffusion coefficients of (5.9 ± 0.6) × 10^--4^ cm^2^/s for semicrystalline and (2.6 ± 0.3) × 10^--4^ cm^2^/s for amorphous. The higher value of the diffusion length in the semicrystalline polymer is consistent with previously reported experimental studies of exciton diffusion in organic semiconductors,^[@ref12],[@ref24]^ where an enhancement in diffusion coefficient with molecular ordering was observed. However, the enhancement in diffusion length we see is larger. Our results are also consistent with previous studies^[@ref28]^ that correlate exciton diffusion with energetic disorder.

We can learn more about the mechanism of exciton diffusion from the shape of the curves in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b. The slope of the graph is constant for the semicrystalline polymer but decreasing for the amorphous polymer. This means that the rate constant for quenching is constant for the semicrystalline polymer and decreasing for the amorphous polymer. It leads to a time-independent diffusion coefficient for the semicrystalline polymer and dispersive exciton transport in the amorphous polymer. The latter can be described by a time-dependent diffusion coefficient^[@ref27]^ and as most time-dependent diffusion follows a power law,^[@ref26],[@ref44]^ the 100% and 0% amorphous polymer ba experimental data were fitted withwhere *k*~0~ is the initial rate of quenching and α is a constant between 0 and 1 that is a measure of the time-dependence of quenching. In addition the time-dependence of the decay gives an indication of the spread of energy levels that the exciton visits during its lifetime. This can be quantified by the following relationship derived from examining the results of Monte Carlo modeling of dispersive diffusion by Schönherr et al.^[@ref26]^where σ represents the breadth of the Gaussian distribution of energy states. The resulting values of *k*~0~, α and σ found by fitting the fluorescence decays for blends containing 0% (AnE-PVab) and 100% amorphous (AnE-PVba) polymer (shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) with [eqs [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"} are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The fit gives α = 1.00 for the semicrystalline polymer, confirming the time-independent nature of the quenching. The higher value of σ obtained for the case of 100% amorphous (AnE-PVba) polymer indicates a broader energy distribution in the amorphous polymer than the semicrystalline polymer.

###### Initial Rate of Quenching *k*~0~, Dispersive Parameter α, and Breadth of the Gaussian Distribution of Energy States σ Obtained Directly from Experimental Data for the Amorphous and Semicrystalline Material

  name                        *k*~0~ (nm^3^/ps^α^)   *α*   *σ*
  --------------------------- ---------------------- ----- --------
  100% amorphous polymer ba   7.3                    0.4   5.0 kT
  0% amorphous polymer ba     0.6                    1.0   ≪1kT

As better device efficiency was achieved with a blend containing both amorphous and semicrystalline polymer along with PCBM,^[@ref36]^ we next consider the results for blends containing both the amorphous and semicrystalline polymers and also PCBM. In these blends, we need to consider energy transfer between the two polymers and the distribution of the fullerene between amorphous and semicrystalline phases as well as exciton diffusion. As fluorescence in the mixed blends was coming predominantly from the semicrystalline polymer ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d), we used time-resolved fluorescence to probe the excitation energy transfer (EET) in mixed blends of amorphous and semicrystalline polymer (in the absence of fullerene acceptor). In order to assign a time constant for the excitation energy transfer, the PL decays from emission on the blue side (between 603 and 611 nm) and the emission from the red side (between 650 and 705 nm) were measured. Both decays (blue and red side) were then normalized at 100 ps and an additional decay, corresponding to energy transfer, was obtained by subtracting the normalized blue side PL decay curve from the equivalent red side PL decay curve. The resulting decays for all blends were fitted at short time to an exponential decay, so that the time constant for the excitation energy transfer for each blend could be measured. This time-resolved EET observed in [Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a can be assigned to resonance energy transfer from the amorphous to the crystalline domains. This interpretation is supported by considering that the rate constant for the excitation energy transfer increases with the increasing proportion of semicrystalline polymer (and consequently decreasing proportion of amorphous polymer) in the blend. The rate constants produced ranged from 81 ns^--1^ for the blend with 10% amorphous polymer ba to 16 ns^--1^ for the blend with 90% amorphous polymer ba (see inset of [Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The rapid rate of transfer in the 10% amorphous blend indicates very efficient exciton transfer from the amorphous phase in this blend and offers an explanation as to why exciton harvesting and device efficiencies remain high in blends even when small amounts of the amorphous polymer are introduced.

![(a) Difference of PL kinetics determined by subtracting emission of blue side (between 603 and 611 nm) and equivalent emission of red side (650--705 nm) as function of time. Excitation energy rate (EET) is determined by fitting an exponential decay to PL kinetics and is given in the inset of [Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a as a function of ratio of amorphous polymer (b) ratio of number of quenching sites in the amorphous region (*n*~am~) to total quenching sites (*n*~total~) in the film as a function of amorphous polymer. A partition coefficient of 4.8 was obtained by fitting data with [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"}.](jz-2015-010599_0005){#fig5}

![Natural logarithm of the ratio of PL of mixed films with low known concentration of quencher to neat films as a function of time. Black lines are fits to experimental data.](jz-2015-010599_0004){#fig4}

We next determine the concentration of quencher in the amorphous and semicrystalline regions. This was done by measuring time-resolved fluorescence in mixed blends of amorphous and semicrystalline polymers with small, known quantities of fullerene (PCBM). The time-resolved fluorescence decays ([Supporting Information](#notes-1){ref-type="notes"} Figure S3) and ln(PL ratios) ([Figure [5](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) show that quenching is time independent in pure semicrystalline polymer and becomes time dependent as the fraction of amorphous polymer increases. We used the difference in time dependence to predict the distribution of quencher between the amorphous and semicrystalline regions. To do this, we first determined the rate of quenching by fitting the data of neat semicrystalline (0% amorphous polymer ba) polymer at times after 150 ps using [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} assuming time-independent quenching (i.e., α = 1). Then by using this resulting value for the rate of quenching, the concentration of quencher in the semicrystalline region of all other mixed blends is determined by fitting the experimental data of blends above 150 ps (to make sure that complete EET transfer occurs from amorphous to semicrystalline) with the same time independent [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} (i.e., α = 1). The fitting results are shown in [Figure [5](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} (black lines) and the resulting value of concentration of quencher in the semicrystalline region is given in Table S2 of the [Supporting Information](#notes-1){ref-type="notes"}. The concentration of quencher in the amorphous region is calculated usingwhere *n*~am~ is the number of quenching sites in the amorphous region and *V*~am~ is the volume of the amorphous region. Similarly *n*~cryst~ is the number of quenching sites in the semicrystalline region and *V*~*cryst*~ is the volume of the semicrystalline region. Because the fullerene may preferentially enter one or other of the polymers, therefore, the partition coefficient of the materials, which is the ratio of the equilibrium concentration of PCBM in the amorphous region divided by the equilibrium concentration of PCBM in the semicrystalline polymer, can be determined from the distribution of quencher between amorphous and semicrystalline regions. This is analogous to how a solute will be distributed between two immiscible solvents in contact at equilibrium

This leads towhere *r*~am~ is the ratio of amorphous to semicrystalline polymer in the blend and *n*~total~ is total number of quenching sites in the blend, that is, *n*~total~ = *n*~am~ + *n*~cryst~.

If we plot (*n*~am~/*n*~total~) against the actual ratio of amorphous polymer in the blend and fitted with [eq [6](#eq6){ref-type="disp-formula"}](#eq6){ref-type="disp-formula"} (fitting results are shown in [Figure [4](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), we get a partition coefficient of 4.8, that is, the amount of quencher in the amorphous region is ∼5 times higher than that in the semicrystalline region. This is consistent with other reports which indicated that quencher is expelled from crystalline regions.^[@ref36],[@ref45]^

We also verified our method of finding the concentration of quencher in the amorphous region through an alternative approach. This was done by fitting the data from the blue part of the emission (from 600 to 610 nm) of the 90% amorphous blend below 50 ps (before EET transfer occurs). The obtained value of concentration of quencher is similar to the one determined above. The details are given in [Supporting Information](#notes-1){ref-type="notes"}.

In conclusion, we have measured the exciton diffusion length in two closely related polymers which differ only in crystallinity and found that the exciton diffusion length in a semicrystalline polymer is twice as large as in the corresponding amorphous polymer. Furthermore, we found that the semicrystalline polymer exhibits quenching kinetics consistent with isoenergetic hopping and can be described by time-independent diffusion. This could be either because there is less energetic disorder or because the spatial correlations in the energy are on a longer length-scale than the exciton diffusion length. On the other hand, the amorphous polymer has a distribution of energy states on the order of 5 times *kT* and exciton transport can be described with time-dependent diffusion, that is, dispersive diffusion. A rapid red shift of emission is observed due to resonance energy transfer from the amorphous to the crystalline regions. By investigating mixed blends with different ratios of amorphous and semicrystalline polymer, we found that the concentration of quencher in the amorphous region of the blend is 5 times higher than in the semicrystalline region. Hence, the excitons in the amorphous regions are more likely to encounter electron acceptors due to the superior mixing of the two components in these regions. In addition, resonance energy transfer can efficiently transport remaining excitons out of the amorphous region, despite the relatively slow exciton diffusion. Therefore, this work has wide-ranging implications for rational solar cell design as it demonstrates that though exciton diffusion is faster in crystalline regions, exciton harvesting can be efficient from amorphous regions.

The Supporting Information describes the calculation of the fraction of the ordered phase, the quenching efficiency from the PLQY ratio, the Förster radius, the quenching radius and the determination of the number of quenching sites in the amorphous region of the blends. The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.5b01059](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.5b01059).
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